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PRELIMINARY STUDIES OF THE OXIDATION OF TD Ni-2OCr I N  STATIC, 
FLOWING, AND DISSOCIATED OXYGEN AT llOO°C AND 130 blmm2 
William P.  Gi lbrea th  
Abs t rac t  
The degradat ion behavior of a  candida te  space s h u t t l e  TPS m a t e r i a l ,  
TD N i C r ,  i s  examined a t  llOO°C (20OO0F) i n  t h r e e  oxygen environments a t  
a  p re s su re  of 130 ~ r n - ~  ( 1 t o r r )  : s t a t i c  molecular oxygen, flowing 
molecular oxygen, and flowing atomic oxygen. The l a s t  environment, of  
t h e  t h r e e ,  p rovides  t h e  most reasonable s imula t ion  of s h u t t l e  o r b i t a l  
v e h i c l e  r e e n t r y ,  during oxida t ion ;  i t  a l s o  produces s e v e r a l  i n t e r e s t i n g  
phenomena not  normally seen i n  molecular oxygen, I n  atomic oxygen, 
TD N i C r  v o l a t i l i z e s  f a s t e r ,  has a  f a s t e r  r a t e  of oxide growth, and 
g r e a t e r  meta l  r eces s ion  than occurs  i n  molecular oxygen, The oxide scale 
f o m e d  i n  atomic oxygen i s  e s s e n t i a l l y  devoid of chromium and i t  has a 
high-temperature emit tance t h a t  i s  s i g n i f i c a n t l y  lower than  from t h e  
oxides formed i n  molecular oxygen. I n  view of t h e s e  pre l iminary  f ind ings ,  
a l l  candida te  s h u t t l e  TPS m a t e r i a l s  a r e  being re-examined t o  determine 
t h e i r  behavior  i n  a  d i s s o c i a t e d  oxygen environment i n  o rde r  t o  b e t t e r  assess 
t h e i r  r e a l  u se fu lnes s  a s  s k i n  m a t e r i a l s  f o r  t h i s  mission,  
INTRODUCTION 
The space s h u t t l e  concept ,  because of t h e  r e u s a b i l i t y  r e q u i r m e n t  f o r  
more than  one hundred launches and r e e n t r i e s  f o r  a  s i n g l e  v e h i c l e ,  poses 
complex m a t e r i a l s  problems, p a r t i c u l a r l y  f o r  t h e  o u t e r  (TPS) s k i n  of the  
o r b i t a l  veh ic l e .  The s u r v i v a b i l i t y  of s ing le - r een t ry  v e h i c l e s  from o r b i t  
i s ,  of course ,  w e l l  w i t h i n  present  m a t e r i a l s  technology f o r  v e h i c l e s  
u t i l i z i n g  a b l a t i v e  hea t  s h i e l d s  i n  high-heat ing a reas .  However, ut ili- 
z a t i o n  of t h e s e  s k i n  m a t e r i a l s  f o r  t h e  s h u t t l e  o r b i t a l  v e h i c l e  would i n  
most ca ses  be l i m i t e d  because they would r e q u i r e  replacement f o r  subsequent 
f l i g h t s .  A s  i t  i s  n o t  f e a s i b l e  t o  t e s t  m a t e r i a l s  proposed f o r  mu l t ip l e  
r e e n t r i e s  under a c t u a l  f l i g h t  cond i t i ons ,  i t  i s  important t o  adequately 
s imula te  t h e  r e e n t r y  environment i n  t h e  l abo ra to ry  i f  accu ra t e  p r e d i c t i o n s  
of m a t e r i a l  behavior  i n  s h u t t l e  usage a r e  t o  be made. P r e d i c t i o n  of the  
ox ida t ion  r e s i s t a n c e  of a  given s h u t t l e  candida te  m a t e r i a l  can be i n  
e r r o r  i f  t h e  a c t u a l  r e e n t r y  environment-material i n t e r a c t i o n  d i f f e r s  
from t h a t  pred ic ted  from l abora to ry  s imula t ion ,  It i s  t h e  purpose of 
t h i s  r e p o r t  t o  present  prel iminary r e s u l t s  of ox ida t ion  t e s t s ,  under various 
simulated r e e n t r y  condi t ions ,  on one of t h e  leading  candidate  s h u t t l e  TPS 
materials--a  thoria-dispersed-nickel, 20% chromium a l l o y  (TD NiCr), These 
t e s t s  c l e a r l y  i l l u s t r a t e  t h e  n e c e s s i t y  f o r  b e t t e r  understanding of how t o  
t e s t  m a t e r i a l s  i n  order  t o  c o r r e c t l y  p r e d i c t  behavior during e n t r y ,  
TD N i C r  (and t h e  whole family of a l l o y s  wi th  t h e s e  b a s i c  components) 
i s  one of t h e  major candidates  f o r  u se  on t h e  space s h u t t l e  on s u r f a c e s  
expected t o  experience s e r v i c e  temperatures  between 1000 and 1 2 0 0 " ~  (1800 t o  
2200°F). A few s t u d i e s  have been made on t h e  ox ida t ion  r e s i s t a n c e  of 
TD N i C r  i n  t h i s  temperature regime. ~ o l d s t e i n l  has  developed an analytical 
model f o r  t h e  "ab la t ion"  of t h i s  a l l o y  under hyperve loc i ty  ox ida t ion  con- 
d i t i o n s  and Centolanzi2 has r epo r t ed  t h e  r e s u l t s  of a rc - j  e t  ox ida t ion  on 
t h i s  m a t e r i a l .  Both of t h e s e  au tho r s ,  a s  w e l l  as o t h e r s ,  have pointed 
out d i f f e r e n c e s  between r e s u l t s  of s t a t i c  and flowing gas s t u d i e s  on this 
m a t e r i a l .  A s tudy  by Kohl and S tea rns3  c a l c u l a t e d ,  under s t a t i c  cond i t i ons ,  
t h e o r e t i c a l  r a t e s  of v o l a t i l i z a t i o n  of TD N i C r  a s  a  func t ion  of temperature 
and oxygen and water p a r t i a l  p re s su re ,  a s  der ived  from themodynanric 
cons idera t ions .  Goward4 compared t h e  ox ida t ion  p r o p e r t i e s  of TD NiCr 
with  o t h e r  supe ra l loys .  Giggins and P e t t i t 5  have r e c e n t l y  r epo r t ed  on 
t h e  oxida t ion  behavior  of TD N i C r  between 900 and 1200°C i n  s t a t i c  
oxygen a t  l ~ ~ ~ r n - ~  (0.1 atm). I n  a d d i t i o n ,  a  l a r g e  number of experi-  
mental ox ida t ion  s t u d i e s  have been performed wi th  N i C r  a l l o y s  (not  
d i s p e r s i o n  s t rengthened)  of va r ious  compositions a s  a  func t ion  of 
temperature and oxygen p re s su re ,  
F igure  1 shows a  ca l cu la t ed  alt i tude-environment diagram f o r  a 
shut t le -conf igured  v e h i c l e  en t e r ing  Ea r th ' s  atmosphere a t  30' angle  of 
a t t a c k .  Much of t h e  information presented i n  t h i s  f i g u r e  has  been 
der ived  from a r e p o r t  by S t ine .  This  f i g u r e  i n d i c a t e s  t h a t  during a 
c r u c i a l  p a r t  of r e e n t r y ,  when t h e  v e h i c l e  TPS m a t e r i a l s  a r e  experienc- 
ing maximum design temperatures  (1000 - l20O0C f o r  t h e  TD NiCr), a 
l a r g e  f r a c t i o n  of t h e  boundary l a y e r  oxygen i s  d i s s o c i a t e d .  It should be  
recognized t h a t ,  a l though a t  a l t i t u d e s  above 90 km t h e  d i s s o c i a t i o n  may 
no t  reach completion u n t i l  hundreds of f e e t  downstream of t h e  
s h o c k ~ a v e , ~  t h e  immediate environment of t h e  v e h i c l e  s t i l l  conta ins  
s i g n i f i c a n t  amounts of oxygen atoms s i n c e  t h e  oxygen i n  t h e  f r e e  
stream i s  about 5% d i s s o c i a t e d  a t  90 km and 50% a t  120 he7 Since 
f o r  most m a t e r i a l s  t h e  r a t e  of a t t a c k  by atomic oxygen i s  much g r e a t e r  
than  t h a t  by molecular oxygen8?9 and s i n c e  t h e  r e e n t r y  environment 
con ta ins  l a r g e  q u a n t i t i e s  of atomic oxygen, i t  i s  e s s e n t i a l  t h a t  
candida te  TPS m a t e r i a l s  be examined f o r  compa t ib i l i t y  wi th  d i s soc i -  
a t ed  oxygen. React ion wi th  atomic oxygen i s  e s s e n t i a l l y  not  t h e m a l l y  
a c t i v a t e d  and, t h u s ,  a l l  atoms t h a t  reach t h e  su r f ace  of t h e  m a t e r i a l  
a r e  capable of r e a c t i o n .  The l i t e r a t u r e  apparent ly  conta ins  no 
information on t h e  s p e c i f i c  r e a c t i o n  of atomic oxygen wi th  e i t h e r  NiCr 
o r  TD N i C r  a l l o y s .  1nformation9 on t h e  a t t a c k  of n i c k e l  by atomic oxygen 
i n d i c a t e s  t h a t ,  a t  l e a s t  under c e r t a i n  cond i t i ons ,  t h e  ox ida t ion  sate i s  
enhanced by about a  f a c t o r  of t en  over t h a t  observed i n  molecular oxygen, 
EXPERImNTAL APPROACH 
Experiments were c a r r i e d  o u t  on TD N i C r  i n  environments  of s t a t i c  
molecu la r  oxygen, f lowing  molecu la r  oxygen, and f lowing  a tomic oxygen, 
Two t y p e s  of apparatus were used i n  t h e  exper iments .  I n  one  a p p a r a t u s ,  
( F i g u r e  2) a 1.2xlOx0.05 cm specimen was suspended, i n  a q u a r t z  tube ,  
by means of a p la t inum w i r e  from a au to- record ing  vacuum ba lance .  
Specimens were r a d i a n t l y  h e a t e d  by a n  e x t e r n a l  quartz-lamp f u r n a c e ,  
I n  t h e  o t h e r  a p p a r a t u s  ( F i g u r e  3 ) ,  a 0.9x5x0.025 cm specimen was end 
mounted i n  a l iquid-ni t rogen-cooPed copper  j i g  and r e s i s t i v e l y  h e a t e d  
i n s i d e  of a q u a r t z  t u b e .  The specimens were  c u t  from l a r g e  p a n e l s  and 
used,  e x c e p t  f o r  an  a c e t o n e  and e t h a n o l  d e g r e a s e ,  i n  t h e  as - rec ieved  
c o n d i t i o n .  
I n  t h e  r a d i a n t l y - h e a t e d  a p p a r a t u s ,  o p e r a t i n g  t empera tu res  were 
d e r i v e d  from t h e  lamp power s e t t i n g s  and o p t i c a l  pyrometer s i g b t i n g s ,  
which were b o t h  p r e v i o u s l y  c a l i b r a t e d  a g a i n s t  a ~ t / P t - 1 0 %  Rh thermo- 
coup le  a t t a c h e d  t o  "dumrny"specimens o f  t h e  same m a t e r i a l  suspended 
i n  p l a c e .  The r e s i s t i v e l y  h e a t e d  specimens had a Pt /Pt-10% Rh therma- 
coup le  s p o t  welded t o  t h e  c e n t e r  of t h e  back  ( i - e . ,  away from t h e  
f l o w ) ,  w h i l e  a pyrometer (Buggins Labs Model 3lC00 i n f r a s c o p e )  measured 
e m i t t a n c e  and t empera tu re  u n i f o r m i t y  ("5'C over  90% of t h e  sample, 
g r e a t e r  d e v i a t i o n  o c c u r r e d  a t  t h e  coo led  g r i p s  which were n e a r  t h e  e n d s ) ,  
Atomic oxygen was g e n e r a t e d  by means of a t u n a b l e ,  air-cooleci ,  
microwave c a v i t y  su r rounding  t h e  q u a r t z  t u b e  and powered by a lOO-.watt  
microwave g e n e r a t o r .  For t h e  r a d i a n t l y - h e a t e d  specimen, t h i s  meant that 
t h e  a tomic oxygen was g e n e r a t e d  approx imate ly  8 cm upst ream ( i n  o r d e r  
f o r  t h e  c a v i t y  t o  b e  o u t s i d e  t h e  r a d i a n t  h e a t e r )  and,  a t  t h e  p r e s s u r e  
l e v e l  used ,  a l a r g e  f r a c t i o n  of t h e  d i s s o c i a t e d  oxygen had recombined 
b e f o r e  r e a c h i n g  t h e  specimen s o  t h a t  o n l y  p a r t  of t h e  specimen was 
exposed t o  a n  a p p r e c i a b l e  b u t  unmeasured a tomic oxygen f l u x  ( a s  
ev idenced ,  i n  p a r t ,  by d i sappearance  o f  t h e  "glow" i n  t h e  s t r e a m ) ,  
For t h e  r e s i s t i v e l y - h e a t e d  specimen, t h e  c a v i t y  was p l a c e d  d i r e c t l y  
around t h e  sample and t h u s  exposed i t  t o  a l a r g e  d i s s o c i a t e d  f r a c t i o n  
(about  0 .4 ,  s e e  r e f .  1 0 ) .  
A l l  exper iments  were performed a t  a n  oxygen p r e s s u r e  of about  
130 ~ m - ~  as measured by a c a l i b r a t e d  thermocouple gage.  The " s t a t i c "  
t e s t s  were made e i t h e r  by r e p l a c i n g  t h e  oxygen a f t e r  each h e a t i n g  
i n t e r v a l  o r  by making t h e  tests i n  s lowly  (< 0.05 m sec-') f lowing  oxygen, 
A l l  f low t e s t s  ( b o t h  i n  a tomic and molecu la r  oxygen) were made a t  flow 
v e l o c i t i e s  of 1 2  m sec-I  a t  t h e  specimen p a r a l l e l  t o  t h e  l e n g t h  of the  
sample on t h e  b a l a n c e  and d i r e c t e d  head-on a t  t h e  e x t e r i o r  b a s e  of the 
U-shaped, r e s i s t i v e l y - h e a t e d  specimen, A l l  t e s t s  were performed a t  
llOO°C ( 2 0 0 0 ' ~ ) ,  t h e  proposed i n t e r m e d i a t e  s e r v i c e  t empera tu re  of 
TD N i C r ,  under  c y c l i c  h e a t i n g  c o n d i t i o n s  comprised of h e a t i n g  i n t e r ~ r a l s  
of 1 t o  1 0  k s  i n t e r r u p t e d  by c o o l i n g  p e r i o d s  of about  500 seconds.  The 
specimens were weighed p r i o r  t o  o x i d a t i o n  (wi th  thermocouple a t t a c h e d  
t h e  case of t h e  res is t ive ly-heated  specimens); then they were weighed 
a f t e r  each heating i n t e r v a l  f o r  the  specimens suspended from t h e  balance 
and a f t e r  completion of t h e  experiment f o r  t h e  specimens r e s i s t i v e l y -  
heated (following 10 t o  40 k s  of heating).  I n  addi t ion  t o  t h e  weight- 
change measurements, t h e  emittance of the  specimens was determined and, 
a f t e r  oxidation,  t h e  specimens were examined by light-microscope, 
scanning-electron microscope, and electron-microprobe means. 
OXIDATION RESULTS AND DISCUSSION 
Weight Change 
Radiantly Heated Specimens: 
Figure 4 shows t h a t  t h e  oxidation of TD N i C r ,  a s  determined with 
thermogravimetry i n  t h e  apparatus of Figure 2, exhibited q u i t e  d i f f e r e n t  
behavior i n  each environment. Under t h e  condit ions given f o r  t h e  s t a t i c  
oxidation experiments, TD N i C r  was found t o  oxidize i n  a manner t y p i c a l  
of t h a t  reported6 f o r  N i C r  a l loys .  The parabolic r a t e  constant ,  Kp, 
derived from the  da ta  shown i s  1 . 0 ~ 1 0 ' ~ ~  g2 cm-4 s'l. This compares 
w e l l  with t h e  Kp calcula ted  ( f o r  t h e  ea r ly  s t ages  of oxidation) by 
Giggins and Pet  t it. I n  a l l  cases f o r  flowing molecular oxygen and 
under t h e  condit ions noted, an i n t i t i a l  weight gain was exhibited 
followed by a gradual weight loss .  The weight-loss r a t e  in  t h e  flowing 
molecular oxygen environments was about 10% of t h e  theorec t i ca l  vapor- 
i z a t i o n  r a t e  of 8x10'~ g s" calcula ted  by Kohl and st earn^.^ 
Several poss ib le  explanations e x i s t  f o r  the  discrepancy. The experimental 
r a t e s  found a r e  o v e r a l l  r a t e s  include t h e  c rea t ion  of more sample mass 
through t h e  formation of non-volatile N i O  and Cr2O3, which was not  
included i n  t h e  t h e o r e t i c a l  ca lcu la t ion  of r e f .  3. Further, t h e  
determined r a t e s  may be d i f fus ion  l imi ted  i f  e i t h e r  i n s u f f i c i e n t  mixing 
occurs a t  t h e  gas-metal i n t e r f a c e  (a l i k e l y  probabi l i ty ,  a t  l e a s t ,  i n  
t h e  s t a t i c  experiments) o r  i f  chromium t ranspor t  i s  blocked by N i ,  o r  
N i O ,  o r  Tho2 (see ref .5) .  F inal ly ,  t h e  ca lcu la t ions  of Kohl and Stearns 
neglect  any e f f e c t  the  dispersed t h o r i a  might have on t h e  vapor iza t ion 
process. I n  t h e  case of t h e  oxidation of TD N i C r  by atomic oxygen, an 
almost constant  r a t e  of weight decrease i n  t h e  specimens was found-the 
rate of l o s s  was about t h r e e  times t h a t  caused by flowing molecular 
oxygen. Since (as  noted above) t h e  oxygen-atom concentrat ion was d i l u t e  
a t  t h e  bottom of t h e  specimen and probably non-existent a t  t h e  upper 
por t ions  of t h e  specimen, it i s  not  poss ib le  t o  draw quan t i t a t ive  r e s u l t s  
from these  l a t t e r  data.  This point  w i l l  be f u r t h e r  discussed below i n  
conjunction with o ther  r e s u l t s  on t h e  oxides formed. 
Changes i n  t h e  durat ion of t h e  heating and cooling cycles had no 
apparent e f f e c t  on t h e  o v e r a l l  weight changes noted. The cumulative 
heating t i m e  was t h e  prime f a c t o r  a s  a l l  da ta  f e l l  on f a i r l y  smooth 
curves regardless  of t h e  length of a given heating cycle.  Further, 
whether o r  not the  specimens were brought t o  a normal atmospheric 
pressure  of a i r  between heating cycles seemed t o  make no di f ference  
i n  the  weight changes observed. 
Aside from t h e  evidence given by t h e  weight l o s s ,  v o l a t i l i z a t i o n  
of t h e  a l loy  i n  t h e  flowing gas experiments was a l s o  apparent by con- 
densation of a product(s) on the  i n t e r i o r  of t h e  c l e a r  quartz tube 
which surrounded t h e  heated specimen. Vi r tua l ly  from t h e  s t a r t  of 
heating,  i n  t h e  flowing atomic oxygen experiments, a red-brown deposit  
began forming on the  upper, cooler  surface  of t h e  tube and, a f t e r  a 
couple hours, a s i m i l a r  phenomenon was noted i n  flowing molecular oxygen. 
In  both environments, a green deposit  began forming, a f t e r  severa l  hours 
of heating,  on t h e  h o t t e s t  a rea  of the  tube-that adjacent  t o  t h e  specimen. 
The red-brown deliquescent condensate on t h e  cooler  port ion of t h e  tube 
was i d e n t i f i e d  a s  chromium t r i o x i d e  (CrO3) by microprobe ana lys i s  and by 
v i r t u e  of i t s  water s o l u b i l i t y .  The green condensate was a l s o  composed 
of chromium and, based on i ts  color  and ac id la lka l ine  i n s o l u b i l i t y ,  it 
was i d e n t i f i e d  a s  the  sesquioxide (Cr203). Since t h i s  l a t t e r  oxide i s  
not v o l a t i l e 3  under t h e  experimental condit ions,  it was assumed t o  be 
a react ion product of one of t h e  v o l a t i l e  chromium oxides ( e i t h e r  CrOg 
o r  Cr02) with t h e  hot  quartz.  For t h e  s t a t i c  t e s t s ,  no d iscolora t ion 
of t h e  tube was observed - which implies t h a t  no v o l a t i l i z a t i o n  takes  
p lace  under t h a t  condition. 
Resis t ive ly  Heated Specimens : 
For t h e  specimens r e s i s t i v e l y  heated (Figure 3 ) ,  a rough measure of 
t h e  o v e r a l l  weight-change c h a r a c t e r i s t i c s  of TD N i C r  was found by determining 
the  d i f ference  between pre- and post-oxidation weights. I n  s t a t i c  oxygen, 
t h e  one specimen t es ted  gained about 0.5 mg ~ r n ' ~  i n  t e n  hours, about t h e  
same increase  a s  f o r  t h e  s t a t i c  experiments shown i n  Figure 4. I n  flowing 
atomic oxygen f o r  th ree  specimens oxidized, f o r  periods of 3,  6, and 10 
hours, smal1 ,e r ra t i c  weight changes w e r e  found. A l a r g e  quant i ty  of t h e  
red-brown condensate (CrOg) col lec ted  downstream from t h e  specimen and a 
r e l a t i v e l y  t h i c k  oxide coating formed on these  specimens. The d i f fe rences  
in weight-change r e s u l t s  given here  from those i n  Figure 4 f o r  TD N i C r  i n  
atomic oxygen w i l l  be discussed below. 
Post-Oxidation Examination 
The specimens oxidized by molecular oxygen had dark grey o r  black 
colora t ion while, i n  general ,  t h e  specimens exposed t o  d issocia ted  oxygen 
were b r i g h t l y  colored. A descr ip t ion of t h e  v i sua l  appearance of t y p i c a l  
specimens along with an e lec t ron  microprobe ana lys i s  of p a r t i c u l a r  areas  
i s  given i n  Table I. For t h e  microprobe ana lys i s ,  t h e  i n t e r i o r  of an 
unoxidized specimen was  assumed t o  be a standard 78% n icke l  and 20% 
chromium, by weight. Counts on t h e  oxidized specimens were r e l a t e d  t o  
the  standard t o  determine the  percent  chromium and n icke l  i n  the  mixed 
oxide. These values a r e  reported i n  Table I a s  t h e  oxides - assuming 
n icke l  t o  be present  so le ly  a s  N i O  and chromium a s  Cr203. The near- 
un i ty  t o t a l  f o r  each ana lys i s  ind ica tes  t h a t  these  assumptions a r e  
probably va l id .  For molecular oxygen, a t  l e a s t ,  these  two oxides along 
with t h e  sp ine l ,  NiCr204 (which would not  a£ f e c t  t h e  above approach), 
a r e  t h e  only oxides expected. For oxygen-atom oxidation,  t h e  
r e s u l t s  of two types of experiment a r e  shown: (1) a specimen on t h e  
balance (Figure 2) which shows t h e  e f f e c t s  of decrease i n  atomic oxygen 
concentration i n  going from the  whit ish t o  t h e  dark areas  (grey a reas  with 
black s t reaks  covered the  upper three-quarters of t h e  specimen) and (2) 
a specimen heated r e s i s t i v e l y  (Figure 3) and completely immersed i n  atomic 
oxygen which developed a yellow colora t ion on t h e  s ide  toward t h e  flow 
and a green colora t ion i n  a r e l a t i v e l y  stagnant area  on t h e  back s i d e  
of the  specimen. 
The near ly  pure Cr203 surface  s c a l e  formed i n  t h e  s t a t i c  experi- 
ment (Table I )  i s  e ~ ~ e c t e d ~ , ~ ,  and i s  i n d i c a t i v e  of the  oxidation 
res i s t ance  mechanism observed f o r  normal oxidation of N i C r  a l loys .  The 
smaller amounts of Cr2O3 found i n  t h e  o ther  oxidation experiments a r e  
due t o  vaporizat ion of chromium as Cr03 and a l s o  ind ica te  t h a t  these  
specimens a r e  r e l a t i v e l y  l e s s  r e s i s t a n t  t o  f u r t h e r  oxidation. The 
higher concentrations of N i O  appear t o  be associated with t h e  more 
b r igh t ly  colored areas.  
One of t h e  important c h a r a c t e r i s t i c s  of an oxidation r e s i s t a n t  (or  
p r o t e c t i v e l ~ x i d e  i s  i ts  degree of adherence t o  t h e  subst ra te .  I n  t h e  
handling of the  oxidized specimens, some purely q u a l i t a t i v e  observations 
were made. The yellow and green oxides formed on t h e  atomically oxi- 
dized specimens had very low adherence, compared t o  t h e  black o r  grey 
oxides. A sharp t ap  removed much of t h e  yellow oxide - a dry powder - 
while t h e  green mate r i a l  could be scraped from t h e  surface  a s  a coherent 
mass. Beneath t h e  green and yellow oxides was an adherent dark subs t ra te  
oxide. 
To der ive  a f u r t h e r  ind ica t ion  of t h e  r e l a t i v e  degree of degradation 
in t h e  th ree  environments, the  magnitude of metal recession and oxide 
thickness was measured i n  severa l  ins tances ,  and the r e s u l t s  a r e  pre- 
sented i n  Table 11. The values  were obtained from photomicrographs of 
cross-sectioned specimens (except f o r  the  s t a t i c  oxidized specimen f o r  
which t h e  values shown were ca lcula ted  from the  weight gain data)  and 
a r e  f o r  a s i n g l e  surface.  These d a t a  ind ica te  t h a t  atomic oxygen a t t acks  
TD N i C r  a t  l e a s t  severa l  times f a s t e r  than molecular oxygen and leads  t o  
enhanced oxide formation. 
The data  presented above and the  r e s u l t s  of o ther  inves t iga t ions  
(e.g. r e f .  1 )  ind ica te  t h a t ,  i n  a l l  t e s t  environments studied,  two 
competing processes  a r e  tak ing  p lace :  metal  ox ida t ion  t o  form N i O  and 
Cr2O3 and subsequent v o l a t i l i z a t i o n  of t h e  Cr203 a s  CrO3. ~ o l d s t e i n i  
showed, i n  s t a t i c  oxygen (or  a i r ) ,  t h a t  a l though s u f f i c i e n t  oxygen 
might reach t h e  TD N i C r  su r f ace  f o r  ox ida t ion ,  t r a n s p o r t  of Cr03 away 
from t h e  su r f ace  was so slow t h a t  i t  e f f e c t i v e l y  l i m i t e d  vapor i za t ion ,  
Thus, t h e  parabolic-weight-gain ox ida t ion  k i n e t i c s  noted i n  Figure 4 
can be  explained.  The flowing oxygen r e s u l t s  (Figure 4) i n d i c a t e  that 
meta l  ox ida t ion  and Cr03 v o l a t i l i z a t i o n  occur cont inuously and cause 
t h e  long-term weight change behavior  noted. The o v e r a l l  a t t a c k  (as 
judged by metal  r eces s ion  and oxide formation,  Table 11) is  g r e a t e r  
i n  t h e  flowing gas  case  s i n c e  l o s s  of chromium l eaves  t h e  n i c k e l  
r e l a t i v e l y  unprotected.  A d i l u t e  oxygen-atom concent ra t ion  (Figure 4) 
apparent ly  caused even g r e a t e r  v o l a t i l i z a t i o n  with a s soc i a t ed  changes 
i n  composition, meta l  r eces s ion  and oxida t ion  r a t e  (Tables I and 11). 
A t  high oxygen-atom concent ra t ions  (40%),  t h e  s u b s t r a t e  weight ga in  
(due p r i n c i p a l l y  t o  N i O  formation) apparent ly  balanced t h e  weight l o s s  
from v o l a t i l i z a t i o n  of CrO3. Alloy degradat ion ( a s  evidenced by 
increased  oxide th ickness  and meta l  recess ion)  was about two o rde r s  
of magnitude g r e a t e r  i n  atomic oxygen than  i n  s t a t i c  oxygen and about 
one o rde r  g r e a t e r  than caused by flowing molecular oxygen. It shsraEd 
be noted t h a t  v o l a t i l i z a t i o n  may be l imi t ed  by r a t e  of oxygen flow, 
by r a t e  of d i f f u s i o n  of Cr03 through t h e  nickel-oxide s c a l e ,  and boundary 
l a y e r  o r  by t h e  vapor p re s su re  of Cr03. 
Arc-jet  t e s t i n g  provides a  s e p a r a t e  means of examining s h u t t l e  TPS 
m a t e r i a l s  under s imulated condi t ions  of p re s su re ,  temperature,  and f l o w  
r a t e .  Although t h e  a r c - j e t  produces an environment high i n  ionized 
oxygen and low i n  atomic oxygen ( r e l a t i v e  t o  t he  s h u t t l e  o r b i t a l  vehicle 
r e e n t r y  environment) it i s  considered1 9 t o  provide a  b e t t e r  r e e n t r y  
s imula t ion  than  s t a t i c  o r  ord inary  flowing molecular gas  s t u d i e s .  
Although t h e  flowing atomic-oxygen t e s t s  descr ibed  above s imu la t e  %be 
spec i e s  and temperature environment, they a r e  up t o  a  decade low in 
oxygen p a r t i a l  p re s su re  and i n  a  much d i f f e r e n t  flow environment; thus, 
i t  i s  d i f f i c u l t ,  a t  l e a s t  a t  t h i s  t ime,  t o  meaningfully and q u a n t i t a t i v e l y  
compare t h e  t e s t  r e s u l t s  from t h e  above atomic-oxygen experiments with 
e i t h e r  t h e  arc- jet  r e s u l t s  o r  t h e  expected atmosphere-entry i t s e l f ,  
However, t h e  o v e r a l l  a t t a c k  r a t e  i n  atomic oxygen is  t h e  same o rde r  as 
t h a t  given by Centolanzi2 f o r  a r c - j e t  degradat ion of TD N i C r .  
High Temperature Emittance P r o p e r t i e s  
For both des ign  and p r o t e c t i v e  purposes f o r  r a d i a t i o n  hea t  shields, 
it i s  important t h a t  a  given TPS m a t e r i a l  main ta in  a s t a b l e  h igh  mittance 
during i t s  s e r v i c e  l i f e .  Therefore,  approximate measurements of t h e  
emit tance of t h e  specimens have a l s o  been made a f t e r  ox ida t ion  i n  the 
v a r i o u s  t e s t  environments. The pyrometer used t o  monitor specimen 
temperature has  a  f e a t u r e  which permi ts  adjustments  t o  be made f o r  sample 
emittance. Thus, i n  an approximate manner, i t  was p o s s i b l e  t o  measure 
e i t h e r  r e l a t i v e  emit tances between p o r t i o n s  of a sample he ld  a t  a uni- 
form temperature o r  t o  measure "normal" emit tance ( a t  t h e  wavelengths 
f o r  which t h e  pyrometer was designed) i f  a primary measurement of t h e  
temperature was poss ib l e  ( a s  by thermocouple). The high-temperature 
emit tances given i n  Table 111 were determined by t h e s e  means f o r  
r a d i a t i o n  between 1 .8  and 2 . 5 ~  ( t h e  pyrometer bandpass).  The measured 
d i f f e r ences  i n  emit tance between t h e  s u r f a c e s  of TD N i C r  ox id ized  i n  
molecular and atomic oxygen a r e  s i g n i f i c a n t .  The yel low su r face  a t ,  
say ,  E = 0.75 must be  55°C h o t t e r  than  t h e  b lack  su r f ace ,  E = 0,88, a t  
1100' C t o  r a d i a t e  equiva len t  amounts of thermal energy. I f  t h e  TD 
N i C r  were expected t o  o p e r a t e  a t  t h e  maximum s e r v i c e  temperature of 
1200°C a t  a planned emit tance of 0.88, formation of an adherent  yellow 
oxide wi th  i t s  lower emit tance would seve re ly  shor ten  t h e  s e r v i c e  Life. 
However, t h e  poor adherence of t h e  yel low oxide,  a s  descr ibed  e a r l i e r ,  
may prec lude  i t s  bu i ld ing  up a coa t ing  during t h e  r i g o r s  of f l i g h t  
s u f f i c i e n t  t o  cause a r educ t ion  i n  emit tance.  
CONCLUDING REMARKS 
The r e s u l t s  of a pre l iminary  s tudy on t h e  ox ida t ion  of TD N i C r  
comparing t h e  e f f e c t s  of atomic and molecular oxygen have been pre-- 
sented.  It was shown t h a t ,  f o r  a c r i t i c a l  p o r t i o n  of t h e  r e e n t r y  of 
t h e  s h u t t l e  v e h i c l e ,  i t  w i l l  b e  under a t t a c k  by d i s s o c i a t e d  oxygen and, 
t h u s ,  candida te  s h u t t l e  TPS m a t e r i a l s  should be  examined f o r  t h e i r  
r e s i s t a n c e  toward t h i s  spec i e s .  One candida te  s h u t t l e  m a t e r i a l ,  TD 
N i C r ,  was found t o  d e t e r i o r a t e  considerably more r a p i d l y  i n  flowing 
atomic oxygen than  i n  e i t h e r  s t a t i c  o r  flowing molecular oxygen. This 
was e s p e c i a l l y  evidenced by t h e  enhanced vapor i za t ion  and t h e  t h i c k e r  
oxide s c a l e  formation which occurred i n  atomic oxygen. Another p o s s i b l e  
problem occurr ing  because of exposure t o  atomic oxygen was t h e  lowering 
of s u r f a c e  emit tance due t o  t h e  formation of a yellow n i c k e l  oxide 
( r a t h e r  than  a b lack  oxide a s  formed i n  molecular oxygen). 
Much f u r t h e r  work is  ind ica t ed  i n  t h i s  a r ea .  The p re sen t  program 
w i l l  be  extended t o  o the r  temperatures ,  and t h e  e f f e c t s  of va r ious  
p re s su res ,  oxygen-atom concent ra t ions ,  and flow v e l o c i t i e s  w i l l  be 
examined. It i s  hoped t h a t  from t h i s  information t h e  degradat ion 
mechanisms can be determined. A program has a l s o  been i n i t i a k e d  t o  
i n v e s t i g a t e  t h e  changes i n  mechanical p r o p e r t i e s  of TD N i C r  which may 
r e s u l t  from t h e  chemical a t t a c k  i n  t h e  t h r e e  environments. A number of 
o t h e r  candida te  s h u t t l e  TPS m a t e r i a l s  w i l l  a l s o  b e  inves t iga t ed  t o  
determine t h e i r  behavior when sub jec t  t o  atomic oxygen a t t a c k .  
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TABLE I1 
Metal Recession and Oxide Thickness of Oxidized TD N i C r  
Test  Condition Metal Recession Oxide Thickmss  
( a l l  1100°C and 130 ~ r n - ~ )  (cm) (cm> 
Radia t ive  h e a t i n g  
S t a t i c  02,  35 ks  0.00003 
Flowing 0 70 k s  2 ' 0.0003 
Flowing O*i-02, 50 ks  
yellow-green a r e a  0.0009 
b lack  upper a r e a  0.0004 
R e s i s t i v e  h e a t i n g  
Flowing 0'+02, 40 ks  
yellow-grey f r o n t  
green back 
0.005 
0.0014, average 0.002 
TABLE 111 
Measured Fmittance of TD N i C r  
Emittance at 
Conditions Color of Surface Temps. Noted 
(Al l  llOO°C and (800°C, relative) 
130 ~ m - ~ ,  except a s  noted) 
4 h r .  O2 
4 h r .  0*+02 
Black 
Grey 
Dark Green 
Yellow 
0.88 (assumed) 
0.86 
- - - - .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(llOO°C, absolu te)"  
Unoxidized , vacuum Bare meta l  0.33 
Flowing 0 600 s 2 
Flowing 0 4 ks  2 ' 
Then, 
Flowing 0*+02, 600 s Grey 
Flowing O 0 + O 2 ,  3 ks  Yellow-grey 
Flowing O g + O  11 k s  2" Yellow-grey 
Flowing 0*+0 26 ks  2 ' Yellow-grey 
* Readings a r e  no t  co r r ec t ed  f o r  absorptance of qua r t z ;  t r u e  va lues  
a r e  about 5% lower. 




